We present first evidence for the process e + e − → γηc(1S) at six center-of-mass energies between 4.01 and 4.60 GeV using data collected by the BESIII experiment operating at BEPCII. These data sets correspond to a total integrated luminosity of 4.6 fb −1 . We measure the Born cross section at each energy using a combination of twelve ηc(1S) decay channels. Because the significance of the signal is marginal at each energy (≤ 3.0σ), we also combine all six energies under various assumptions for the energy-dependence of the cross section. If the process is assumed to proceed via the Y (4260), we measure a peak Born cross section σ peak (e + e − → γηc(1S)) = 2.11 ± 0.49(stat.) ± 0.36(syst.) pb with a statistical significance of 4.2σ. The Y (4260), first discovered by BaBar in the initial state radiation (ISR) process
, cannot be easily explained within the traditional cc picture of charmonium. From its production mechanism, we know its spin (J), parity (P ), and charge-parity (C) quantum numbers are J P C = 1 −− . However, due to its distinct mass, it cannot be identified with the previously established ψ states in this region [2] . Furthermore, while the ψ(4040), ψ(4160), and ψ(4415) states are thought to be the n 2S+1 L J = 3 3 S 1 , 2 3 D 1 , and 4 3 S 1 states of charmonium, respectively [3] , the Y (4260) appears to be supernumerary.
One possibility is that the Y (4260) is a hybrid meson [4, 5] . If so, recent lattice QCD calculations predict that its rate of decay to γη c (1S) will be enhanced relative to γχ c0 (1P ) [6] . This is in stark contrast to the pattern for conventional ψ states, where, for example, the ψ(2S) decays to γχ c0 (1P ) about 30 times more often than to γη c (1S). Finding evidence for Y (4260) → γη c (1S) could thus give additional support to the hybrid interpretation.
In this paper, we search for the process e + e − → γη c (where η c always denotes η c (1S)) using data collected by the BESIII detector operating at the Beijing Electron Positron Collider (BEPCII). We use a total integrated luminosity of 4. [7, 8] .
We first measure the Born cross section at each E CM using the twelve largest decay channels of the η c :
We then combine the data from the six E CM under four different assumptions about the energy-dependence of the cross section: (1) σ FLAT : the cross section is constant, consistent with the calculation in Ref. [9] ; (2) [11] . The BESIII detector is a general purpose hadron detector built around the collision point at BEPCII [12] . Charged particles are detected in the main drift chamber (MDC) and are bent by an on-axis 1 Tesla solenoidal magnetic field, yielding a momentum resolu-tion of 0.5% at 1 GeV/c. Time-of-flight (TOF) scintillation counters are placed around the MDC and provide a timing resolution of 80 ps in the barrel and 110 ps in the end caps. Photons are detected by the Electromagnetic Calorimeter (EMC) surrounding the TOF. The photon energy resolution at 1 GeV is 2.5% in the barrel and 5% in the end caps. The geometric acceptance is 93% of 4π.
The response of the BESIII detector is modeled using Monte Carlo (MC) simulation software based on geant4 [13] . To study signal efficiencies, mass resolutions, cross-feeds among η c decay channels, and effects due to ISR, a series of MC data samples were generated according to the signal process e + e − → γη c , where the η c subsequently decays to the twelve channels listed above. ISR effects are modeled using kkmc [14, 15] . The production of γη c and the subsequent decays of the η c are handled by evtgen [16, 17] using kinematics following phase space distributions. To study background processes, we generate large samples of genericevents as well as samples corresponding to the ISR process e + e − → γ ISR J/ψ, where the J/ψ either decays to the same twelve modes as the η c or decays to γη c .
We reconstruct events of the form γX i , where the γ is referred to as the "transition photon" and the X i are the twelve different combinations of hadrons corresponding to the η c decay channels listed above. The criteria used to select events have been optimized using both MC samples and sidebands of the η c from data.
Charged pions and kaons are reconstructed using information from the MDC. Their angle with respect to the beam direction, θ, must satisfy |cos θ| < 0.93. Except for pions originating from K S decays, all charged tracks are further required to pass within 10 cm of the interaction point along the beam direction and within 1 cm in a plane perpendicular to the beam. Pions (except for pions originating from K S decays) and kaons are separated using a combination of ionization energy loss in the MDC and timing information from the TOF. For each reconstructed track, particle identification probabilities P π and P K are calculated based on pion and kaon hypotheses, respectively. For pions, we require P π > 10 −5 ; for kaons, we require P K > 10 −5 and P K > P π . Photons are reconstructed in the EMC by clustering energies deposited in individual crystals. Energy clusters in the barrel region (| cos θ| < 0.8) must be greater than 25 MeV and they must be greater than 50 MeV in the end cap region (0.86 < | cos θ| < 0.92). Timing from the EMC is used to suppress electronic noise and background from unrelated events. We reject candidate transition photons that can be paired with any other energy cluster in an event to form a π 0 . In the π + π − η channel, the candidate transition photon is isolated from clusters formed by charged tracks by requiring their angle of separation be greater than 17.5
• . We form π 0 and η candidates using combinations of two photons with invariant mass satisfying 107 < M (γγ) < 163 MeV/c 2 and 400 < M (γγ) < 700 MeV/c 2 , respectively. Similarly, K S candidates are formed using two oppositely charged tracks, assumed to be pions, satisfying 471 < M (π + π − ) < 524 MeV/c 2 . From these initial lists of γ, π ± , K ± , π 0 , η, and K S , we form all possible combinations of γX i for each i. We perform a kinematic fit for each of these combinations to the initial four-momentum of the center-of-mass system (4C) and add one constraint (1C) for the mass of every π 0 , η, and K S candidate. We require that the resulting χ 2 per degree of freedom (dof) be less than a value optimized separately for each X i , ranging from 3.0 to 5.2. To avoid multiple counting, we only use the combination with the best χ 2 /dof. Reconstruction efficiencies after all event selection range from 4% (η c → π
To determine the Born cross section at each E CM , we use an unbinned maximum likelihood method to simultaneously fit the recoil-mass distributions of the transition photon associated with the twelve final states γX i . The total fit projections from each of the six E CM are shown in Fig. 1(a-f) . The fit range is centered at the η c mass and extends 450 MeV/c 2 on either side. The η c signal is described by a non-relativistic Breit-Wigner function convolved with a histogram derived from MC describing detector resolution and effects due to ISR. The mass and width of the η c are fixed to their PDG values. The Born cross section, σ(e + e − → γη c ), is a shared free parameter that accounts for η c decay branching fractions, reconstruction efficiencies, corrections due to ISR effects [18, 19] (evaluated using the σ Y(4260) assumption), vacuum polarization [20] , and integrated luminosity.
The major backgrounds in the recoil-mass distribution of the transition photon are from the continuumprocess and the J/ψ ISR process, e + e − → γ ISR J/ψ, where the J/ψ decays to the same channels as the η c . The potential background where the J/ψ decays to γη c has been found to be negligible. The continuum background is described independently in each decay channel using a second order polynomial function. The peaking J/ψ ISR background is parameterized by a double Gaussian function whose parameters are fixed using MC studies. The size of the J/ψ ISR background is allowed to float independently in each decay channel.
Since the J/ψ ISR cross section, σ(e + e − → γ ISR J/ψ), can be accurately calculated using a combination of the ISR rate [18] and σ(e + e − → J/ψ) [21] , this process serves as an important cross-check to the η c analysis. When we perform a simultaneous fit that constrains the size of the J/ψ ISR background among the X i using known J/ψ decay branching fractions, we obtain the results shown in Fig. 2(a) . There is good agreement between the measurements and the theoretical predictions. We also obtain good agreement with the average J/ψ cross section when the size of the J/ψ ISR background is not constrained among the X i , although with less precision.
Our final measurements of σ(e + e − → γη c ) are listed in Table I and are shown as the points in Fig. 2(b) 
FIG. 2. (a)
The cross section for e + e − → γISRJ/ψ (points) compared to the theoretical calculation (line) [18, 21] . (b) The Born cross section for e + e − → γηc measured at each ECM (points) and measured using the sum of all the data under various assumptions about the energy-dependence of the cross section (broken lines). The first tick marks are due to the statistical uncertainty, the intermediate tick marks sum in quadrature the statistical and the systematic uncertainties uncorrelated in energy (see Table III ), and the outermost tick marks sum in quadrature both the statistical and total systematic uncertainties. The predicted cross sections for e + e − → ψ(4040) → γηc and e + e − → ψ(4415) → γηc [3] are shown as solid lines.
function up to the value that includes 90% of the integral. Because there is little evidence for the e + e − → γη c process at any individual energy, we combine all six energies under various assumptions for the energy-dependence of the cross section. In this case, we perform a simultaneous fit to the 6 × 12 recoil-mass distributions of the Figure 1 (g-h) shows no observable difference in the fit projections for the σ Y(4260) and σ FLAT assumptions. The lines in Fig. 2(b) show the resulting cross sections as a function of energy. The statistical significance of the γη c process is at least 3.6σ, regardless of our input cross section assumption. While we find evidence for e + e − → γη c in our combined fits, we are unable to distinguish between the different assumptions for the energy dependence of the cross section. To test the significance of the σ Y(4260) shape, we compare the likelihood value of a fit assuming a combination of σ Y(4260) and σ FLAT (where the sizes of both components are free parameters in the fit) to that of the fit assuming σ FLAT . In this test, we find the significance of the σ Y(4260) component to be only 1.5σ.
The expected rate of e + e − → ψ(4040) → γη c , shown as a solid line in Fig. 2(b) , is estimated using the calculated partial width Γ(ψ(4040) → γη c ) [3] . If we assume the energy-dependence of the cross section follows the ψ(4040) and fit our combined data sets allowing the size of the ψ(4040) to float, then the significance of e + e − → γη c is 1.9σ. Predictions of ψ(4160) or ψ(4415) to γη c have not been published but are calculable using the models discussed in [3] . The expected rate of e + e − → ψ(4415) → γη c is also shown as a solid line in Fig. 2(b) . The significance of e + e − → γη c assuming the ψ(4415) is 1.9σ. In the case of the ψ(4160) we are missing crucial data at E CM near 4.16 GeV to constrain this assumption. Nevertheless, we measure the significance of e + e − → γη c assuming ψ(4160) production to be 3.5σ, which is still less significant than all other nonconventional assumptions.
Estimates of the systematic uncertainty on the cross section measurements, discussed individually below, are summarized in Table III . The total systematic uncertainty is obtained by adding the individual systematic uncertainties in quadrature.
One of the largest systematic uncertainties comes from to account for this possibility. To account for a possible distortion in the η c signal shape due to the photon energy-dependence of electromagnetic transitions [23, 24] , we repeat the fit using the η c signal shape developed in Ref. [24] .
We assign an uncertainty of 2% per charged pion and kaon to account for uncertainty in the track reconstruction efficiency (including particle ID) [25, 26] . The error due to uncertainty in photon reconstruction efficiencies is 1% per photon (including photons from π 0 and η) [27] . The total error attributed to the K S reconstruction efficiency (arising from a combination of geometric acceptance, tracking efficiency, and selection efficiency) is 4% per K S [28] . We vary the efficiency in each η c channel by its positive and negative extremes, refit data, and take the largest difference with respect to the nominal measurement as the systematic uncertainty.
Uncertainties in the kinematic fitting efficiencies are evaluated by comparing the cross sections extracted with and without tracking corrections, following the method used in Ref. [29] .
To judge our sensitivity to the background shape, we try a third order polynomial function in place of the second order polynomial function used in the baseline fits. We take the difference as a systematic uncertainty.
In the baseline fits, the size of the J/ψ peak is allowed to float independently in each channel. We also fix the relative size of the J/ψ peak among channels using known J/ψ branching fractions and take the difference as a systematic uncertainty.
In summary, we search for the process e + e − → γη c at six E CM between 4.01 and 4.60 GeV using 4.6 fb −1 of data collected by BESIII. While we do not find evidence for this process at any individual energy, the significance is consistently above 3σ when we combine all of our data sets according to the four assumptions listed above. With our current statistics, we cannot make firm conclusions about the energy-dependence of the cross section. However, we note that the cross section is better explained by σ Y(4260) than by conventional charmonium states: ψ(4040), ψ(4160), and ψ(4415). Although we are unable to unambiguously determine the production mechanism of γη c , the enhancement in e + e − → γη c between 4.23 and 4.36 GeV may suggest production via a hybrid char- 
